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1. Introduction

In the last two decades, research activities on metal-organic
frameworks (MOFs) [1—5] have grown exponentially. This is due
to their potential applications in a wide range of areas such as gas
storage/separation [6—10], heterogeneous catalysis [11—13],
chemical sensing [14—19], drug delivery [20—22] and polymeriza-
tion [23]. MOFs are a new class of highly crystalline and porous
materials. They are built up of inorganic building blocks. The
interconnection of the inorganic building units by polytopic organic
ligand molecules results in 3D framework structures having well-
defined pore systems (channels, cages, etc.). Since an almost
infinite combination of metal ions and organic ligands are possible,
a huge variety of porous MOF structures have been reported until
today. It is possible to tune the pore dimensions (hence specific
surface area and pore volume) and pore surface characteristics of
MOFs by varying the sizes [24] of the organic ligands and by
grafting various functional groups [25—30] to the organic ligands,
respectively. However, such modifications of the pore systems are
not feasible for traditional porous adsorbents such as zeolites,
mesoporous silicas and activated carbons. Owing to their modular
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nature, a great deal of research have been devoted to the design and
synthesis of new porous MOFs for accomplishing a target
application.

MOF materials having high physicochemical stability (air, water,
thermal, acid-base, etc.) are highly desirable for their applications
in industry. Several famous MOF compounds [31—35] have shown
low physicochemical stability and therefore they are not suitable
for industrial applications, although they have displayed great
potential [10,36—40] for gas adsorption and separation. The
employment of transition metal ions with high oxidation states
(such as, Ti(IV) [41], Zr(IV) [42], Hf(IV) [43], etc.) is one of the
approaches for synthesizing MOF materials having relatively higher
physicochemical stability. Among numerous Zr(IV)-based MOF
materials reported till date [44—46], the microporous UiO-66
(Ui0O = University of Oslo) compound [42] has attracted the
attention of researchers owing to its high thermal and chemical
stability as well as promising performances for CO,/CH4 separation
[47,48]. The three-dimensional (3D) cubic framework of this MOF
material is constructed from [ZrgO4(OH)4]™>* building units which
are interconnected by 1,4-benzenedicarboxylate (BDC) ligands. The
use of longer 2,6-naphthalenedicarboxylate (NDC) ligand instead of
BDC resulted in the formation of Zr(IV) and Hf(IV)-based DUT-52
(DUT = Dresden University of Technology) [43] framework
compounds, which possess the same framework topology as that of
UiO-66. Zr-DUT-52 material has been also termed as Zr-NDC [49]
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and Zrg-NDC [50] in other reports. This MOF compound also ex-
hibits high physicochemical stability and significant microporosity
like UiO-66. The presented Zr(IV) (1) and Ce(IV) (2) based MOF
compounds consisting of 4-carboxycinnamate (CCA) ligands
(Scheme 1) are isostructural with DUT-52 and hence both of them
bear UiO-66 framework topology. It is noteworthy that, only a
handful examples of Ce(IV)-based MOF compounds have been
reported till date. Very recently, the synthesis, properties and redox
catalytic activities of nine Ce(IV)-based MOF materials with UiO-66
structures containing ligands of different sizes and functionalities
have been reported by Stock et al. [51] More recently, we have
employed the Ce(IV)-based azide and nitro-functionalized UiO-66
materials as turn-on fluorescence probes for the sensing of H,S
[52]. Although the CCA ligand has been formerly employed for the
construction of few MOFs with divalent metal ions [53—59], it has
never been incorporated into MOFs having tetravalent metal ions
such as Zr(IV) and Ce(IV). Therefore, we hypothesized that the
employment of the CCA ligand and tetravalent metal ions would
give rise to MOFs having high physicochemical stability. In this
report, we present the synthesis, complete characterization,
thermal and chemical stability as well as gas sorption behavior of
the new Zr(IV) (1) and Ce(IV) (2) based MOF compounds containing
the CCA ligand.

2. Experimental
2.1. Materials and general methods

The H,CCA ligand was synthesized according to a previously
published procedure [56]. All other starting materials were of re-
agent grade and used as received from the commercial suppliers.
Fourier transform infrared (FT-IR) spectra were recorded in the
region of 440—4000 cm™~! with a Perkin Elmer Spectrum Two FT-IR
spectrometer. The following indications are used to characterize
absorption bands: very strong (vs), strong (s), medium (m), weak
(w), shoulder (sh), and broad (br). Elemental analyses (C, H, N) were
carried out on a Thermo Scientific Flash 2000 CHNSO analyzer
equipped with a TCD detector. Thermogravimetric analyses (TGA)
were performed with a Mettler-Toledo TGA/SDTA 851e thermog-
ravimetric analyzer in a temperature range of 30—600 °C under air
atmosphere at a heating rate of 5 °C min~', Ambient temperature
X-Ray powder diffraction (XRPD) patterns were recorded on a
Bruker D2 Phaser X-ray diffractometer (30 kV, 10 mA) or a Bruker
D8 Advance 6-26 diffractometer (40 kV, 40 mA) in transmittance
Bragg-Brentano geometry equipped with a LYNXEYE 1D detector
and Gobel mirror, using Cu-Ko. (A = 1.5406 A) radiation. Le Bail fits
of the XRD patterns of as-synthesized 1 and 2 were performed by
using the Jana2006 program [60]. The solution 'H-NMR spectra
were recorded on a Bruker AM 300 spectrometer at 300 MHz.
Before the NMR measurements, the compounds (20 mg each) were
digested in 500 pL of 1 M NaOH in D,O for 24 h. The nitrogen
sorption isotherms up to 1 bar were measured using a

Scheme 1. (a) Structure of the H,NDC ligand used previously for the synthesis of
DUT-52 framework. (b) Structure of the H,CCA ligand used in this work for the
synthesis of 1 and 2.

Quantachrome Autosorb iQ-MP gas sorption analyzer at —196 °C.
The carbon dioxide adsorption measurements were performed
using a Quantachrome iSorb-HP gas sorption analyzer at O °C. Prior
to the sorption experiments, the samples of 1 and 2 were degassed
by heating (190° C, 6 h for 1; 50 °C, 4 h for 2) under dynamic
vacuum.

The lattice models of 1 and 2 were constructed by transforming
the crystallographic unit cell of UiO-66 [42] from space group F4 3m
into P23. The latter setting allowed us to transform the H,BDC ligand
into the less symmetric H,CCA ligand while retaining a cubic crystal
system. Both lattice models were fully geometry optimized by force-
field calculations employing the UFF force field provided in the
Forcite module of BIOVIA Materials Studio V8.0 (Accelrys Software,
Inc., San Diego, CA, USA) software package. Materials Studio contains
a full implementation of the Universal force field, including bond
order assignment. The Materials Studio implementation has been
rigorously tested and results are in agreement with published work
on this force field [61—64]. Once fully relaxed lattice models were
obtained, the lattice constants of both compounds were adjusted to
the values as given in Table 1 and a constrained geometry
optimization was performed to yield the final structural parameters
which are given in the Supporting Information.

2.2. Synthesis

Synthesis of [ZrgO4(OH)4(C10Hg04)s]- 1.5DMF-17H,0  (as-
synthesized 1): A mixture of ZrCly (100 mg, 0.43 mmol), H,CCA
ligand (82 mg, 0.43 mmol) and acetic acid (0.25 mL, 4.37 mmol) in
2 mL of DMF was heated in a sealed glass tube at 150 °C for 24 h
using an aluminum block heater. After spontaneous cooling to
room temperature, the white precipitate was collected by filtration,
washed with acetone (4 x 2 mL) and dried in air. The yield was
137 mg (0.06 mmol, 83%) based on the Zr salt. Anal. calcd for
C64_5H84_5N1.5050.5Zr6: C, 34.64 H, 3.80 N, 0.93. Found: C, 34.31 H,
3.74 N, 0.76%. FT-IR (KBr, cm™1): 3418 (br), 1692 (s), 1640 (s), 1588
(s), 1532 (s), 1410 (vs), 1289 (w), 1254 (m), 1208 (w), 1180 (w), 1145
(w), 1111 (w), 1018 (w), 978 (m), 857 (m), 783 (s), 725 (sh), 662 (s),
570 (w), 472 (s).

Synthesis of [CegO4(OH)4(C19HgO04)s]-6DMF-16H,0 (as-synthe-
sized 2): A mixture of HoCCA ligand (40 mg, 0.21 mmol) in DMF
(2 mL) and an aqueous solution of ammonium cerium(IV) nitrate
(400 pL, 0.5333 M) was sealed in a glass tube and heated using an
oil bath under magnetic stirring at 100 °C for 20 min. The yellow
precipitate was collected by centrifugation, washed with acetone
(4 x 2 mL) and dried in air. The yield was 35 mg (0.02 mmol, 78%)
based on the Ce salt. Anal. calcd for C7gH114CegNgOs4: C, 32.98 H,
4.04 N, 2.95. Found: C, 32.71 H, 4.27 N, 2.75%. FT-IR (KBr, cm™!):
3363 (br), 1647 (vs), 1586 (s), 1536 (s), 1388 (vs), 1288 (w), 1255 (w),
1205 (w), 1183 (w), 1144 (w), 1106 (m), 1012 (sh), 984 (m), 863 (m),
786 (m), 714 (m), 681 (w), 659 (w), 582 (s), 537 (sh), 454 (w).

2.3. Activation of the as-synthesized 1 and 2

For activation, the as-synthesized sample of 1 was directly
heated at 190 °C under vacuum for 6 h. In order to activate 2, the

Table 1

Refined lattice parameters for as-synthesized 1 and 2 having cubic unit cells.
Compound a(A) V (A3)
1 (as-synthesized) 23.809 (2) 13497 (1)
2 (as-synthesized) 24.6349 (8) 14950.3 (5)
Zr-DUT-52 [43] 23.910 (3) 13669 (3)
Hf-DUT-52 [43] 23.74391 (24) 13395.6 (2)
Zr-NDC [49] 23.7853 -
Zrg-NDC [50] 23.808 (1) 13495 (2)




as-synthesized form of the compound was stirred in acetone at
room temperature for 3 h, during which period, the solvent was
discarded and fresh acetone was added after each 1 h. In the second
step, the acetone-exchanged form of the compound was heated at
50 °C under vacuum for 4 h. The thermally activated forms of 1 and
2 are denoted as 1’ and 2/, respectively.

3. Results and discussion
3.1. Synthesis and activation

2 was synthesized by using similar synthesis conditions as
described recently for several Ce(IV)-based MOF materials [51,52].
For optimizing the synthesis conditions of 1, reactions were
performed using mixtures of Zr(IV) salts (ZrCly, ZrO(NOs3),-xH,0 or
ZrOCl-8H,0) and H,CCA ligand in amide solvents like DMEF,
N,N’-diethylformamide (DEF) or N,N’-dimethylacetamide (DMA).
Various modulators/additives [65] (benzoic acid, formic acid, acetic
acid, trifluoroacetic acid, H,O or conc. HCl) were added in the
reaction mixtures in order to enhance the crystallinity of the
compound. All possible combinations (Figs. S1—S3, Supporting In-
formation) of the reactants were employed in these reactions. 1 was
obtained with high crystallinity (Fig. S4, Supporting Information)
by using ZrCl4 as the metal source and acetic acid as the modulator
in DMF. For this combination, ZrCl4/H,CCA ligand/acetic acid molar
ratio of 1:1:10 was used. Reactions with all other combinations of
reactants led to either amorphous products or products
having lower crystallinity than 1 with optimum crystallinity. For
investigating the effect of varying the ZrCly/acetic acid ratio on the
crystallinity and phase-purity of 1, various ZrCly/acetic acid molar
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ratios ranging from 1:10 to 1:100 were employed (Fig. S4, Sup-
porting Information). 1 was obtained with high crystallinity and
phase-purity when ZrCly/acetic acid molar ratio was 1:10. With
increase in the ZrClg/acetic acid molar ratio, either the crystallinity
of the compound decreased or additional peaks in the XRPD
patterns due to an unknown crystalline phase were observed.

The physisorbed DMF molecules from the external surface of the
as-synthesized samples of 1 and 2 were removed by washing the
samples with acetone after filtration. After that, 1 was directly
heated under vacuum in order to remove the occluded molecules
encapsulated inside the pores. For activating 2, a two-step pro-
cedure was employed. At first, the as-synthesized form of 2 was
stirred in acetone for exchanging the guest molecules entrapped
within the pores with more volatile acetone molecules. In the
second step, the acetone-exchanged form of 2 was heated under
vacuum for removing the acetone molecules from the pores. The
thermally activated compounds exhibit similar XRPD patterns
(Figs. S5 and S6, Supporting Information) as those of the as-
synthesized compounds. Therefore, both compounds retain their
structural integrity after thermal activation.

3.2. Infrared spectroscopy

The FT-IR spectra of the as-synthesized and thermally activated
samples of 1 and 2 (Figs. S7 and S8, Supporting Information) reveal
strong absorption bands at around 1590 and 1390 cm™, which can
be attributed to the asymmetric and symmetric —CO, stretching
vibrations of the coordinated CCA ligand molecules, respectively
[25—30]. In the IR spectrum of the as-synthesized and activated 1
and 2, the strong absorption bands observed at around 1640 cm ™!

Fig. 1. (a,b) Ball-and-stick representation of the 3D cubic structures of 1 and 2 showing arrangements of the octahedral (dark grey spheres) and tetrahedral (light grey spheres)
cages in the framework. (c,d) Enlarged representation of the octahedral and tetrahedral cages. Zr and Ce atoms are shown as polyhedra (color codes: Zr/Ce and C, dark grey; O,

black). The hydrogen atoms and occluded molecules have been omitted for clarity.
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Fig. 2. Le Bail fit of the XRPD pattern of as-synthesized 1. Dotted and solid lines denote observed and calculated patterns, respectively. The peak markers and the difference plot are

displayed at the bottom. Rp = 5.51, Rwp = 7.82.

can be ascribed to the C=C stretching vibration of the coordinated
CCA ligand molecules [66]. The strong absorption band at around
1690 cm~! in the IR spectrum of as-synthesized 1 can be attributed
to the C=O0 stretching vibration of the occluded DMF molecules.

3.3. Structure description

Determination of the lattice parameters of the as-synthesized
samples of 1 and 2 were carried out from their XRPD patterns
measured at ambient conditions. The lattice parameters displayed
in Table 1 clearly indicate that both compounds possess cubic
structures. The values of the unit cell parameters of the present
compounds are close to those of the formerly reported, structurally
related DUT-52 framework material [43,49,50,67]. Le Bail fits of the
experimental XRPD patterns of as-synthesized 1 and 2 are pre-
sented as Figs. 2 and 3, respectively. Good reliability factors were
obtained from the fits, which indicated that the experimental XRPD
patterns matched well with the calculated ones. The similarity
between the theoretical and experimental XRPD patterns for both
compounds (Figs. S9 and S10, Supporting Information) confirms
their phase-purity. Since the frameworks of 1 and 2 are iso-
structural with DUT-52 [43,49,50,67], the framework structures
(Fig. 1) of the hydroxylated forms of the present compounds are
composed of [MgO4(OH)4]">* (M = Zr for 1 or Ce for 2) building
units. In these building units, the p3-O and p3-OH groups alterna-
tively cap the triangular faces of the Mg octahedron. The cross-
linking of the [MgO4(OH)4]'** building blocks by the carboxylate
groups of 12 CCA ligand molecules leads to the formation of cubic,
3D frameworks. In these network structures, both octahedral and
tetrahedral shaped microporous cages exist. Each Zr or Ce atom
adopts a square-antiprismatic geometry, coordinating with eight O
atoms. Four O atoms from carboxylate groups occupy the corners of

one square face of the square antiprism, whereas the O atoms from
the p3-0 and p3-OH groups are located at the corners of the second
square face. In the network structures, every octahedral cage (free
diameter ~14 A) at the center is linked with eight tetrahedral cages
(free diameter ~11 A) at the corners through narrow trigonal win-
dows (free diameter ~8 A) [49].

3.4. Thermal stability

The thermal stability of the compounds was determined by
performing thermogravimetric analyses (TGA) with the as-
synthesized as well as activated samples of 1 and 2 in an air at-
mosphere. The TG analyses (Fig. 4) reveal that 1 and 2 are thermally
stable up to 390 and 300 °C, respectively. The high thermal stability
of 1 is comparable with those of Zr-UiO-66 and several other Zr(IV)-
based MOF materials [27,28,44—46,68—70]. Similarly, the lower
thermal stability of 2 than 1 compares well with those of Ce-UiO-66
and few other Ce(IV)-based MOF compounds [51,52].

In the TG traces of as-synthesized 1 and 2 (Fig. 4), the first
weight loss steps of 13.5 and 10.5 wt% in the temperature range of
40—130 °C can be ascribed to the removal of 17 and 16 uncoordi-
nated H,0 molecules per formula unit (calcd: 13.6 wt%, 1; 10.1 wt%,
2), respectively. The second weight loss steps of 5.0 and 16.0 wt% in
the temperature ranges of 130—280 and 130—230 °C can be
assigned to the removal of 1.5 and 6 occluded DMF molecules per
formula unit of 1 and 2 (calcd: 4.9 wt%, 1; 15.4 wt%, 2), respectively.
Owing to the removal of organic linker molecules from the
framework, the decomposition of 1 and 2 occurs above 390
and 300 °C, respectively. The details of the calculated and
experimental weight losses involved with the TG traces of
as-synthesized 1 and 2 are presented as Figs. S11—S12 and Table S1,
Supporting Information.
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Fig. 3. Le Bail fit of the XRPD pattern of as-synthesized 2. Dotted and solid lines denote observed and calculated patterns, respectively. The peak markers and the difference plot are

displayed at the bottom. Rp = 1.33, Rwp = 1.97.

In the TG curves of 1’ and 2’, the first weight loss step can be
ascribed to the removal of the adsorbed water molecules. The
occurrence of this weight loss step can be related to the exposure of
the compounds to air after thermal activation, resulting in hydra-
tion of the materials.

The MOFs possessing Ui0-66 framework topology exhibit high
thermal and chemical stability, although their structures often
feature ligand defects [71—74] (generated especially under mild
synthesis conditions). The presence of these ligand defects in the
structures has been previously shown to affect the porosity of the
MOF materials [71,73]. According to the theoretical method
described by Lillerud and co-workers [71,73,74], the number of
ligand defects has been calculated from the TGA data of thermally
activated 1 and 2. From the TG curve of 1’, the number of ligand
defects per Zrg formula unit has been calculated to be 0.95 (Fig. S13,
Supporting Information). By applying the same method, no ligand
deficiency has been found for 2'.

3.5. Chemical stability

For determination of the chemical stability of the thermally
activated samples (0.05 g for each) of 1 and 2, the samples were
stirred in water, methanol, acetic acid and 1 M HCl solutions (10 mL
for each) under ambient conditions for 12 h. After collecting the
samples by filtration, the crystallinity of the filtered solids were
examined by XRPD measurements (Figs. S5 and S6, Supporting
Information). 1’ retained its crystallinity (and hence structural
integrity) after treatment with methanol. The crystallinity of 1’ was
reduced slightly after treatment with water and acetic acid. How-
ever, the treatment of 1’ with 1 M HCl solution lead to substantial
reduction in crystallinity. In case of 2’, the crystallinity was greatly
reduced after treatment with methanol and water. The crystallinity

of 2’ was completely lost when treated with acetic acid and 1 M HCI
solutions. Therefore, 1’ exhibited relatively lower chemical stability
compared to several other Zr(IV)-based MOF materials
[27,28,44—46,68,69]. On the other hand, the low chemical stability
of 2’ is comparable with few other recently reported Ce(IV)-based
MOF compounds [51,52].

3.6. Gas adsorption properties

In order to verify the permanent microporosity of the frame-
work materials, N3 sorption measurements were performed with

Fig. 4. TG curves of the different forms of 1 and 2 measured in an air atmosphere in
the temperature range of 30—600 °C.
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Fig. 5. N, adsorption (filled symbols) and desorption (empty symbols) isotherms of 1’
(circles) and 2’ (squares) measured at —196 °C.

1’ and 2'. As displayed in Fig. 5, the adsorption isotherms of the
compounds followed type-I behavior. From the N, adsorption
isotherms, the specific BET surface areas and micropore volumes
of the materials were calculated. The specific BET surface areas
and micropore volumes of 1’ and 2’ are summarized in Table 2
and Table S2, Supporting Information. The BET surface area and
micropore volume of 2’ are comparable with the structurally
related Zr(IV) and Hf(IV)-based DUT-52 compounds, although
these values are much lower compared to the isostructural Zr-
NDC material. On the other side, the BET surface area and
micropore volume of 1’ are lower compared to 2’. This fact can
be attributed to the difficulty in activating the as-synthesized
sample of 1 by the two-step procedure which has been applied
for activating the as-synthesized 2 (i.e., solvent-exchange fol-
lowed by heating under vacuum).

The accessible surface areas of 1’ and 2’ have been calculated by
using the Poreblazer software [75]. The accessible surface areas of
1’ and 2’ have been estimated to be 1421 and 1242 m? g/,
respectively. On the other hand, the experimental BET surface areas
of 1 and 2’ are 870 and 1210 m? g~!, respectively. Thus, the theo-
retical surface area of 2’ is close to the experimental value, which
supports the structural model of this compound. Since 1’ and 2’ are
isostructural, they are expected to show similar experimental sur-
face areas. The lower experimental surface area of 1’ as compared
to the theoretical value suggests the incomplete activation of the
compound.

In order to check the efficiency of the activation processes, the
activated samples of 1 and 2 were digested in 1 M NaOH in D,0 and
solution 'H NMR spectra (Figs. S14—16, Supporting Information)
were measured. In addition to the strong peaks due to the CCA

Table 2
Specific BET surface areas® and micropore volumes” of 1’ and 2’ determined from the
N adsorption isotherms.

Compound BET surface area (m? g~ ') Micropore volume (cm® g~ 1)
1 870 0.62
2 1210 0.67
Zr-DUT-52 [43] 1399 0.60
Hf-DUT-52 [43] 1097 0.47
Zr-NDC [49] 1720 0.67
Zrg-NDC [50] 1287 0.54

2 Specific BET surface areas were estimated in the p/po range of 0.05—0.1.
b Micropore volumes were determined at p/po = 0.99.

Fig. 6. Low-pressure CO, adsorption isotherms of 1’ (circles) and 2’ (squares) recorded
at 0 °C.

ligands, the NMR spectra of 1’ and 2’ contain few weak peaks.
Among them, the peaks at d values of 8.25 and 2.04 ppm can be
assigned to formate ion and dimethylamine formed from the
decomposition of DMF molecules, respectively [71]. Although we
are unable to detect the guest DMF molecules by IR spectroscopy,
the existence of their decomposed products (i.e., formate ion and
dimethylamine) is visible in the NMR spectra of the two activated
compounds. Therefore, the lower specific surface area of the two
compounds as compared to the theoretical values can be attributed
to the incomplete activation of the compounds (i.e., the presence of
guest DMF molecules in the activated compounds).

The permanent microporosity of the framework structures of 1’
and 2’ was also verified by low-pressure CO, adsorption mea-
surements at 0 °C. The occurrence of type-I adsorption isotherms
(Fig. 6) confirmed microporous nature of both compounds. The CO;
adsorption capacities of 1’ and 2’ at 0 °C and 1 bar reached 2.0 and
1.6 mmol g, respectively. These CO, uptake values are comparable
with that of the isostructural DUT-52 material [67].

4. Conclusions

We have presented the synthesis, complete characterization,
thermal and chemical stability as well as gas sorption characteris-
tics of new Zr(IV) and Ce(IV)-based MOF materials consisting of
H,CCA ligand. Both compounds have been synthesized under sol-
vothermal conditions (150 °C, 24 h for 1; 100 °C, 20 min for 2). The
phase purity of the compounds were examined by a combination of
XRPD analysis, FI-IR spectroscopy, themogravimetric and
elemental analyses. As confirmed by the XRPD measurements, both
compounds are isostructural with DUT-52 framework material.
Based on the thermogravimetric analyses, 1 and 2 are thermally
stability up to 390 and 300 °C in air atmosphere, respectively. As
revealed from the XRPD experiments, both materials display
moderate stability in water and methanol, however they lose their
crystallinity when exposed to 1 M HCI. N; sorption analyses indi-
cate that 1’ and 2’ exhibit specific BET surface areas of 870 and
1210 m? g~ !, respectively. The CO, uptake values of 1 and 2’ at 0 °C
and 1 bar correspond to 2.0 and 1.6 mmol g, respectively.
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